Abstract: Thermal storage system (TES) with phase change material (PCM) is an important device to store thermal energy. It works as a thermal buffer to reconcile the supply energy with the energy demand. It has a wide application field, especially for solar thermal energy storage. The main drawback is the low value of thermal conductivity of the PCM making the system useless for thermal engineering applications. A way to resolve this problem is to combine the PCM with a highly conductive material like metal foam and/or nanoparticles. In this paper a numerical investigation on the metal foam effects in a latent heat thermal energy storage system, based on a phase change material with nanoparticles (nano-PCM), is accomplished. The modelled TES is a typical 70 L water tank filled with nano-PCM with pipes to transfer thermal energy from a fluid to the nano-PCM. The PCM is a pure paraffin wax and the nanoparticles are in aluminum oxide. The metal foam is made of aluminum with assigned values of porosity. The enthalpy-porosity theory is employed to simulate the phase change of the nano-PCM and the metal foam is modelled as a porous media. Numerical simulations are carried out using the Ansys Fluent code. The results are shown in terms of melting time, temperature at varying of time, and total amount of stored energy.
Introduction
Thermal Energy Storage (TES) [1] is a device capable of storing excess energy by heating a storage medium. In base of the medium material, TES could be classified as sensible TES and latent TES. The latter has the best performance because it permits the storage of excess energy at a quasi-constant temperature. The base material of latent TES is the phase change material (PCM) that during the phase change process, adsorbs and then releases the thermal energy with small volume variation [2] . There are many types of PCM in literature [3] , in particular, for a solid-liquid phase change process, paraffin [4] has many advantages such as high latent heat, non-toxicity, chemical stability, and small volume variation, but one of the worst drawbacks is the low value of thermal conductivity, making the application of pure PCM counterproductive for thermal storage application because it could behave as an insulated material. Therefore, different enhancement techniques are recommended in order to improve paraffin thermal conductivity such as putting highly-conductive nanoparticles [5] into the pure PCM or employing metal foam [6] . The addition of nanoparticles in the PCM creates a new class of material, called nano-PCM [7] .
In the literature, there are few works about nano-PCM, for example Shin and Banerjee [7] have conducted some experimental works for enhancing the heat capacity of the PCM with the addition of
Physical Model
The physical model of the TES system is a parallelepiped with the dimension of 785 × 120 × 710 mm filled with nano-PCM and a number of pipes where the heat transfer fluid (HTF), flows, passing throughout it. For the thermal and geometry symmetry the computational domain is only a part of the system and it is shown in Figure 1 . During the charging operation, on the pipe surface a temperature value of 343.15 K is applied to take into account the heat exchange between the HTF and the TES system. The other surfaces are assumed adiabatic. Along the y-axis a gravitational acceleration is imposed and the Boussinesq approximation is considered to take into account the natural convection. The enthalpy-porosity method is employed [18] , because the paraffin melts in a temperature range. In this method a non-dimensional parameter is introduced, called liquid fraction, indicated with Greek letter β, that describes the mixed zone during the phase change. This parameter is ranged from 0 to 1:
T is the local temperature, Tliquidus is the temperature over which the PCM is fully liquid while Tsolidus is the temperature under which it is fully solid. The mixed zone exists in a range of temperature between Tliquidus and Tsolidus.
The metal foam is modelled as a porous media subject to the Brinkman extended DarcyForchheimer model, therefore, a source term is added in the momentum equation. To simulate the heat transfer between PCM and metal foam, the local thermal non-equilibrium (LTNE) assumption is applied, where there are two functions of temperature in the porous media, one for the fluid phase (PCM) and the other for the solid phase (metal foam).
In order to simulate the thermophysical properties of the nano-PCM, the single-phase model is employed, therefore the Nano-PCM is considered as a homogeneous fluid without any dynamic difference between the nanoparticles and the base PCM. Using this approach, the thermophysical properties of the nano-PCM are a weighted average with respect to the volume concentration ψ between the property's values of the nanoparticles and the pure PCM. The volume concentration of the nano-PCM ψ represents the ratio between the volume of the nanoparticles and the total volume of the domain:
To simulate the natural convection in the PCM/nano-PCM a Boussinesq approximation is considered:
where the subscripts PCM and 0 refer to the phase change material and the operating condition, respectively. The symbol ρ is the density while γ represents the thermal expansion faction. A value of 321 K is imposed for the operating temperature. The governing equations [19] are the following:
In the local thermal non-equilibrium model, the equation of energy for PCM is [20] : This parameter is ranged from 0 to 1:
T is the local temperature, T liquidus is the temperature over which the PCM is fully liquid while T solidus is the temperature under which it is fully solid. The mixed zone exists in a range of temperature between T liquidus and T solidus .
The metal foam is modelled as a porous media subject to the Brinkman extended Darcy-Forchheimer model, therefore, a source term is added in the momentum equation. To simulate the heat transfer between PCM and metal foam, the local thermal non-equilibrium (LTNE) assumption is applied, where there are two functions of temperature in the porous media, one for the fluid phase (PCM) and the other for the solid phase (metal foam).
In the local thermal non-equilibrium model, the equation of energy for PCM is [20] :
while for the metal foam it is [20] :
V is the velocity of the fluid phase (PCM or nano-PCM), ε is the porosity of the metal foam, t is the time, µ is the dynamic viscosity of the fluid phase, p the relative pressure, and S is a source term expressed in Equation (8) . Therefore, the first term is the Boussinesq approximation, the second term models the mushy zone where A mush is the mushy zone constant, which represents the damping of the velocity to zero during the solidification [19] . In these simulations the value of the mushy zone constant is set to 10 5 kg/m 3 ·s. In equation (8), K is the permeability of the porous media and C F is the inertial drag factor. The permeability and drag factor values are calculated with the following relations, by Calmidi [21] : In the energy equations, c is the specific heat, k is the thermal conductivity, H L is the latent heat of the PCM. The subscript foam indicates the physical characteristic of the metal foam. α sf and h sf are the specific surface area density and interfacial heat transfer coefficient, respectively. They are calculated by the following equations:
where Re d is the Reynolds referring to the fiber diameter and Pr is the Prandtl number referring to the fluid phase (PCM) Applying the single-phase model to calculate the values of the proprieties of the nano-PCM, the following relations [22] are used:
The subscripts NANOPCM, wax and Al 2 O 3 refer to the nano-PCM, the base PCM (paraffin wax) and nanoparticles (aluminum oxide), respectively.
The dynamic viscosity of the nano-PCM is evaluated by [22] :
2.5 (16) While for the thermal conductivity of the nano-PCM, the Maxwell equation is employed [23, 24] :
Finally, for the latent heat the relation is taken from [24] :
The melting temperature is assumed independent from the volume concentration. The base PCM is RT58 paraffin wax [25] , while the nanoparticles are oxide aluminum. The volume concentration of the nanoparticles is set to 1%. The porosity of the meal foam is set to 0.80.
All the thermal properties are expressed in Table 1 . 
Numerical Model
The finite volume approach using Ansys Fluent code is employed for the simulations. The SIMPLE algorithm is employed for the pressure-velocity coupling; the PRESTO algorithm is used for the pressure calculation. A transient analysis is performed with a time step size equal to 0. Initial condition: -The system is assumed to be at 300 K.
Three types of meshes are evaluated for the mesh independent test: 27,630 nodes, 51,322 nodes and 104,556 nodes. A mesh with 27,630 nodes is chosen for the numerical study because it represents the best trade-off between the computational costs and accuracy.
The independence mesh test is represented in Table 2 . The numerical model was validated by means of the comparison with the geometry and PCM given by Krishnan [26] . Table 3 shows the comparison between the results carried out by the present numerical model in the same geometry and PCM given by [26] and the ones carried out by Krishnan [26] . It is observed that the mean percentage deviation is about 2% with a maximum value at Fo number of 1.2 equals to 2.66%. T* is the non-dimensional temperature taken at the center of the domain and Fo is the Fourier number, defined as:
where T w is the wall temperature and T i is the initial temperature. L is a characteristic length of the system.
Results and Discussions
In Figure 2 there is a comparison in terms of average liquid fraction and average temperature of pure PCM and nano-PCM at 1%. During the time, it can be seen that the improvement of the nanoparticles has a small influence on the melting process because the two curves are nearly overlapped. The melting time is above 40,000 s and there is a smooth transition from solid to liquid phase during the time. In Figure 3 there is a comparison between the various improvements in terms of liquid fraction. The first important consideration is about the log scale of time, because when the metal foam is added, the melting process is very fast in a comparison of PCM or nano-PCM. The melting time for the pure PCM is 40,301 s, while for the nano-PCM it is 39,781 s. In the presence of the metal foam the melting time is 1321 s. This can be explained by the fact that the metal foam has a thermal conductivity higher than pure PCM of at least two orders of magnitude, leading a fast diffusion of heat inside the whole system reaching every point of the PCM thanks to its matrix structure. Moreover, in this figure there are three curves, but the nano-PCM and the PCM curves are overlapped because of the log scale, and the same consideration can be made in Figures 4 and 5. (a) (b) Figure 2 . Comparison of pure PCM and nano-PCM at 1% during the time in terms of (a) average liquid fraction and (b) average temperature evolution.
In Figure 4 it is possible to see the temperature evolution of pure PCM, only nano-PCM without metal foam, and the temperature evolution of nano-PCM in metal foam and the metal foam temperature. The curves of the pure PCM and the nano-PCM at 1% are overlapped. With the addition of metal foam, even though the melting time is very low, 1321 s compared with 39,781 s, the stored energy is lower, and after the reaching of the thermal equilibrium the stored energy is constant. This aspect depends on the lower thermal capacity of the PCM with the metal foam, which is shown better in Figure 5 . Where the metal foam is not inserted, the temperature evolution curves are overlapped. In the presence of metal foam, the nano-PCM melts very fast; its melting time is nearly 2000 s. The evolution temperature curves of nano-PCM in metal foam and of metal foam reduce their temperature difference during the time until the whole nano-PCM is completely melted. Moreover, there is a shape change of the curves at about 330 K, because around that temperature the majority of the domain is melted, maintaining the temperature at nearly constant. It is possible to see that in the LTNE model, the nano-PCM in metal foam (M.F.) and the metal foam reached the temperature equilibrium when the liquid fraction is one, since the PCM is fully melted. In this Figure 4 , the evolution of the average temperature is represented for three cases: the case with only pure PCM, the case with only nano-PCM at 1% and the case with the nano-PCM in metal foam. This last case uses the LTNE assumption, where there are two temperature functions, one for the nano-PCM and the other for the metal foam. Therefore, for this last case there are two temperature curves represented in Figure 4 . In this last case the two temperature curves tend to reach the same point at the end of the charging operation. Furthermore, the metal foam temperature evolves more rapidly because the thermal diffusivity of the metal foam is greater than that of the PCM/nano-PCM. In fact, at the In Figure 4 it is possible to see the temperature evolution of pure PCM, only nano-PCM without metal foam, and the temperature evolution of nano-PCM in metal foam and the metal foam temperature. The curves of the pure PCM and the nano-PCM at 1% are overlapped. With the addition of metal foam, even though the melting time is very low, 1321 s compared with 39,781 s, the stored energy is lower, and after the reaching of the thermal equilibrium the stored energy is constant. This aspect depends on the lower thermal capacity of the PCM with the metal foam, which is shown better in Figure 5 . In Figure 4 it is possible to see the temperature evolution of pure PCM, only nano-PCM without metal foam, and the temperature evolution of nano-PCM in metal foam and the metal foam temperature. The curves of the pure PCM and the nano-PCM at 1% are overlapped. With the addition of metal foam, even though the melting time is very low, 1321 s compared with 39,781 s, the stored energy is lower, and after the reaching of the thermal equilibrium the stored energy is constant. This aspect depends on the lower thermal capacity of the PCM with the metal foam, which is shown better in Figure 5 . Where the metal foam is not inserted, the temperature evolution curves are overlapped. In the presence of metal foam, the nano-PCM melts very fast; its melting time is nearly 2000 s. The evolution temperature curves of nano-PCM in metal foam and of metal foam reduce their temperature difference during the time until the whole nano-PCM is completely melted. Moreover, there is a shape change of the curves at about 330 K, because around that temperature the majority of the domain is melted, maintaining the temperature at nearly constant. It is possible to see that in the LTNE model, the nano-PCM in metal foam (M.F.) and the metal foam reached the temperature equilibrium when the liquid fraction is one, since the PCM is fully melted. In this Figure 4 , the evolution of the average temperature is represented for three cases: the case with only pure PCM, the case with only nano-PCM at 1% and the case with the nano-PCM in metal foam. This last case uses the LTNE assumption, where there are two temperature functions, one for the nano-PCM and the other for the metal foam. Therefore, for this last case there are two temperature curves represented in Figure 4 . In this last case the two temperature curves tend to reach the same point at the end of the charging operation. Furthermore, the metal foam temperature evolves more rapidly because the thermal diffusivity of the metal foam is greater than that of the PCM/nano-PCM. In fact, at the Where the metal foam is not inserted, the temperature evolution curves are overlapped. In the presence of metal foam, the nano-PCM melts very fast; its melting time is nearly 2000 s. The evolution temperature curves of nano-PCM in metal foam and of metal foam reduce their temperature difference during the time until the whole nano-PCM is completely melted. Moreover, there is a shape change of the curves at about 330 K, because around that temperature the majority of the domain is melted, maintaining the temperature at nearly constant. It is possible to see that in the LTNE model, the nano-PCM in metal foam (M.F.) and the metal foam reached the temperature equilibrium when the liquid fraction is one, since the PCM is fully melted. In this Figure 4 , the evolution of the average temperature is represented for three cases: the case with only pure PCM, the case with only nano-PCM at 1% and the case with the nano-PCM in metal foam. This last case uses the LTNE assumption, where there are two temperature functions, one for the nano-PCM and the other for the metal foam. Therefore, for this last case there are two temperature curves represented in Figure 4 . In this last case the two temperature curves tend to reach the same point at the end of the charging operation. Furthermore, the metal foam temperature evolves more rapidly because the thermal diffusivity of the metal foam is greater than that of the PCM/nano-PCM. In fact, at the beginning, the thermal diffusion evolves very quickly inside the foam instead of inside the PCM. When the melting phenomenon increases, the temperature difference between the nano-PCM and the foam diminishes. It is worthy to note that during the melting phenomenon the foam gives more thermal energy to the PCM due to the phase change and so the average foam temperature curve has a minor slope with respect to the PCM. beginning, the thermal diffusion evolves very quickly inside the foam instead of inside the PCM. When the melting phenomenon increases, the temperature difference between the nano-PCM and the foam diminishes. It is worthy to note that during the melting phenomenon the foam gives more thermal energy to the PCM due to the phase change and so the average foam temperature curve has a minor slope with respect to the PCM. Figure 5 . Average stored energy per unit of mass evolution during the time for pure PCM, nano-PCM, and nano-PCM in metal foam.
In order to compare the effectiveness of this system, some comparison is accomplished in terms of melting time for different enhancement techniques. In Li and Wu [27] the charging time is about 
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In order to compare the effectiveness of this system, some comparison is accomplished in terms of melting time for different enhancement techniques. In Li and Wu [27] the charging time is about In order to compare the effectiveness of this system, some comparison is accomplished in terms of melting time for different enhancement techniques. In Li and Wu [27] the charging time is about 220 with a similar geometry and with an inorganic PCM with fins. Another comparison is accomplished using the work of Ebadi [28] with a similar geometry but using only nano-PCM in terms of energy storage capacity. The stored energy is between 5000 and 30,000 J for different Rayleigh numbers and volume concentration, while the storage energy in this work is about 3 × 10 5 J, but the volume is larger. In Table 4 there are other comparisons in term of melting time with different enhancement.
Obviously to compare the two storage systems an analysis in terms of non-dimensional number could be accomplished. 
Conclusions
A numerical investigation on the metal foam effects in a latent heat thermal energy storage system, based on a phase change material with nanoparticles (nano-PCM), has been accomplished. The modelled TES was a typical 70 L water tank filled with nano-PCM and metal foam. The results have shown that metal foam is more effective than nano-PCM in terms of melting rate. Regarding the stored energy, the amount of stored energy is minor when the metal foam is applied. The melting time and the speed of charging are improved with the utilization of the metal foam; in fact, the ratios between the charging time of PCM/nano-PCM and PCM/nano-PCM in metal foam are 1.013 and 30.58, respectively. A comparison between different systems with different enhancements in literature has been done. The results are obviously different, and therefore, in the future, a comparison in terms of non-dimensional number could be accomplished. Moreover, the lack of information on nanoparticle diameter effect on thermophysical properties of nano-PCM limits the present results in a quantitative way. However, the effect of nanoparticle dimensions is an important issue that should be investigated. 
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Abbreviations

A mush
Mushy constant kg·m −3 ·s −1 C F drag factor coefficient c specific heat, J·kg 
